Introduction
In recent years, the technology of machine tool diagnostics has made great strides forward. In particular, with the rapid development of artificial intelligence, many powerful intelligent diagnostic techniques have been made available to meet the needs of diagnosing modern complex machine tools. Neural networks and expert systems are two popular methods and have been used independently in practice with varying degrees of success.
However, neural networks and expert systems are two quite different approaches to diagnostics. They have different properties as well as advantages and disadvantages with regard to the diagnosis of faults [1] . Neural networks are based on numeric computations and algorithms, while expert systems are based on symbolic and heuristic reasoning. Neural networks have capabilities of association, memorisation, error-tolerance, self-adaptation, and multiple complex pattern processing. On
Correspondence and offprint requests to: Dr A. Starr, The Manchester School of Engineering, Simon Building, The University of Manchester, Oxford Road, Manchester, M13 9PL, UK. E-mail: a.starrȰman.ac.uk the other hand, they cannot explain their own reasoning behaviour and cannot diagnose new faults (those not made available previously in training the networks). Expert systems have obvious knowledge representation forms that make knowledge easy to manage. Compared with neural networks, expert systems have the ability to explain their reasoning behaviour and can diagnose new faults using knowledge bases. However, selflearning is still a problem and computation time can be lengthy for difficult diagnostic tasks. It is therefore sensible to combine neural networks with expert systems for machine tool diagnostics as the advantages of one approach can outweigh the disadvantages of the other. This scheme can be effective in modern machine tool fault diagnosis.
Similar ideas were reported about combining neural networks and expert systems in the application to areas such as computer security [2] and medical diagnosis [3] . In the majority of cases, neural networks and expert systems were developed separately with one-way data passages from neural networks to expert systems, and with interaction between the user and the two models. Some of them permit both components to receive data concurrently. In this paper, a new scheme for integrating neural networks and expert systems is introduced for machine tool fault diagnosis. In this scheme the two models are completely integrated as a single unit. The integrated system has been implemented and simulated on an existing machining centre.
Machine Tool Diagnosis Based on Expert Systems
Expert systems have been adopted extensively for machine tool diagnosis. They employ expert reasoning methods and computer models to solve problems, and draw similar conclusions to those derived by experts. Using expert systems, diagnostic goals can usually be achieved by specific knowledge representation forms and problem-solving techniques, and machine fault sources can be deduced in conjunction with machine conditions. An expert system is composed of a database, a knowledge base, and a reasoning engine. When diagnosing a machine tool fault, the reasoning engine carries out reasoning under the guidance of reasoning mechanisms, accord-ing to the fault data in the database, and diagnostic knowledge in the knowledge base. A typical machine tool diagnosis expert system is shown in Fig. 1 .
Although expert systems have been applied to machine tool diagnosis with some success, problems have been experienced, predominantly due to the following limitations:
Knowledge acquisition is difficult; this acquisition is one of the major bottlenecks in developing expert systems, and requires long periods of time, and is costly [4] .
It is difficult to completely mimic the human thought process [5] .
The knowledge base is never complete; when a new fault is encountered, to which no formal knowledge is available, expert systems become ineffective [6] .
One way of overcoming these limitations is to improve the system's ability for automatic knowledge acquisition, selflearning, association, and memorisation. This is where the strengths of neural networks can be incorporated.
Machine Tool Diagnosis Based on Neural Networks
Traditional neural network techniques may be used to diagnose faults in relatively straightforward simple machines with single processes, single faults or gradually occurring faults. However, modern machine tools usually operate multiple processes, and manifest multiple faults, some of which can be catastrophic. Moreover, these machines are complex and highly automated.
The multilayer perceptron (MLP) neural network, trained with the back propagation (BP) algorithm, is the most commonly used for machine fault diagnosis [7] . MLP networkbased machine diagnosis is usually performed as follows.
A feature space (input space) Xϭ[x 1 ,x 2 , . . .
T is constructed, where x i is the observed value of the ith feature. These feature values are obtained through signal analysis and processing during the operation of the machine. The detailed procedure includes signal measurement, signal processing, and feature extraction.
A class set Cϭ{c 1 , c 2 , . . ., c k ͖ is defined for each given set of machine conditions, and an output space Yϭ[y 1 , y 2 , . . . , y m ] T , where c i is the ith class and y j is the jth output, respectively. A specific class is represented through the output space Y. The neural network is constructed as indicated in Fig. 2 according to the input and output spaces defined above, and the hidden layers and their neurons are selected. The number of input neurons is equivalent to the number of the features selected. The number of output neurons is equal to the dimension of the output space.
The parameters in the networks such as weight The decision constraint is established automatically after the training process has converged. The neural networks are then able to classify machine conditions for any input x n ⑀X.
The selection of the activation function is also important. The most frequently used function is the sigmoid function, and is given by:
where x is the sum of inputs of a certain neuron and f(x) is the output of the neuron.
To use neural networks to diagnose machine tool faults, there must be a corresponding output neuron for each fault class. Therefore, when a new fault not available previously during the training process is presented, the diagnosis system is incapable of diagnosing the fault. In addition, neural networks cannot explain their own reasoning behaviour, but this can be supplemented using an expert system.
The Integration of Neural Networks and Expert Systems
In developing expert systems for machine fault diagnosis, the acquisition of diagnostic knowledge usually becomes a major bottleneck owing to:
The indirect method of interviewing domain experts who would use "common sense" or anecdotal evidence.
Insufficient training, making it difficult for engineers to interview domain experts efficiently and effectively, and for programmers to codify their knowledge.
Little or no expert knowledge available in many scenarios. 
